A wavefront sensor is used as a direct observation tool to image the Gouy phase shift in photonic nanojets created by micrometer-sized dielectric spheres. The amplitude and phase distributions of light are found in good agreement with a rigorous electromagnetic computation. Interestingly the observed phase shift when travelling through the photonic jet is a combination of the awaited π Gouy shift and a phase shift induced by the bead refraction. Such direct spatial phase shift observation using wavefront sensors would find applications in microscopy, diffractive optics, optical trapping, and point spread function engineering.
The Gouy phase has been puzzling physicists since its discovery in 1890 by Gouy [1] . It relies on an extra phase contribution ϕ G to the propagating phase kz (k being the wavevector and z the distance) a beam experiences when it travels through its focus. The Gouy phase is important in physical optics since it explains the phase advance postulated by Fresnel for the secondary Huygens wavelets created from a primary wavefront in the wave diffraction theory [2] . Satisfactory explanations have been proposed in the framework of classical electrodynamics [3] [4] [5] ; at a deeper level the Gouy phase can be related to topological phases acquired by a system after it has been transported around a cyclical circuit in the parameter space [6, 7] . Experimentally the Gouy phase shift observation is always challenging as it is largely overwhelmed by the propagative phase. While time domain investigations have been reported for terahertz waves [8] , most of the Gouy phase shift measurements have been performed in the space domain using two-beam interferometry [1, 9, 10] . Although powerful, two-beam interferometry is always delicate to implement since it requires the stabilization of the interferometer reference arm and the modulation of its length. The scope of this Letter is to show that a wavefront sensor provides a much simpler way to image the Gouy phase shift when part of the scattered wavefront experiences the Gouy phase anomaly. We exemplify here our phase measurement in the field of nanophotonics where miniaturized devices create confined light fields [11] . Among them are the micrometer-sized dielectric spheres that have the ability to generate confined light under plane wave [12] or focused illumination [13, 14] . Known as photonic nanojets [15] , the field structure at the microsphere focus has been experimentally characterized under plane wave illumination [16] and presents the signature of the Gouy phase shift as measured with two-beam interferometry [17] .
In this Letter, we image the intensity and phase near the microsphere focal point using a wavefront sensor. Figure 1 presents the principle of the experiment. A 5 μm diameter polystyrene bead (refractive index calibrated to n B 1.61) is sandwiched between two BK7 coverslips and immersed into a glass index matching oil (n oil 1.51). The polystyrene bead is illuminated with a halogen lamp that is spectrally (700 30 nm) and spatially filtered to provide a "quasi" plane wave illumination at the sample plane. A 40× oil immersion objective lens (NA 1.3) is used to image the nanojet on a wavefront sensor. This objective lens (infinite corrected) is z-scanned over 100 μm by increments of 250 nm in order to map the nanojet spatial structure. The wavefront sensor (SiD4 by Phasics, Palaiseau, France) is based on quadriwave lateral shearing interferometry (QWLSI) [18, 19] , a technique that does not require any mobile element. Briefly, QWLSI uses a two-dimensional grating (modified Hartman mask) that generates four orders of diffraction that interfere on a CCD camera. Interestingly the interference pattern is wavelength independent and QWLSI works with broadband light sources. If the incoming wavefront is a plane wave, the interference pattern detected on the camera is a perfectly periodic grid. Any local curvature in the wavefront will distort the shape of this grid. The analysis of these distortions gives the optical path difference (OPD) gradient and the quantitative OPD at any position in the image field is further retrieved by numerical integration. This quantitative OPD is directly provided by the QWLSI measurement and its zero reference is taken to be the incident wavefront measured without the microsphere. The measured OPD is therefore free of any propagative phase, and rather it expresses the OPD at any point in the image between the measured wavefront and the reference wavefront. The OPD is simply related to the phase with ϕ 2πOPD ∕ λ. We anticipate that the total OPD along the z axis is the summation of (1) the refractive OPD imprinted on the wavefront by the refractive index difference between the microsphere and the surrounding medium, and (2) the awaited λ ∕ 2 Gouy OPD anomaly.
To study the interaction between an incident plane wave and a dielectric microsphere, we have performed three-dimensional numerical simulations using the Mie theory with analytic expressions for the incident and scattered fields on a basis of multipolar wave functions [20] . For the complex electric field reconstruction, only the wavevectors collected by the microscope objective NA have been considered. Figure 2 whereas a wavefront advance is negative. Indeed, the microsphere refractive index imprints a wavefront retardation at the z 0 μm bead location and, quite interestingly, measurements and simulations reveal a wavefront advance around the z 18 μm nanojet focus position. Although the λ ∕ 2 Gouy OPD anomaly would result in such a wavefront advance, its expected spatial shape and amplitude, given in the paraxial approximation by λ ∕ 2π arctan z ∕ z 0 (z 0 being the Rayleigh distance), are quite different from the ones that are recorded and simulated along the z axis [ Fig. 2(f) ]. Note that the discrepancies between computed and measured intensity and OPD maps may result from the plane wave illumination assumption that is not perfectly fulfilled in the experiments.
In order to understand how the Gouy phase shift contributes to the nanojet phase map, it is important to carefully investigate the phase structure of the field in the image plane. Let us concentrate at first on a simple periodic ridge structure that has been etched in glass [ Fig. 3(a) ]. Unlike the bead, the periodic ridge structure does not focus the field. It imprints on the wavefront a phase retardation that is free of any Gouy phase shift. Figure 3 (b) displays the OPD distribution in the image space, i.e., when the objective lens is moved along the z axis. As a guide we have highlighted in dashed line the ridge structure image on Fig. 3(b) . Clearly the OPD distributes symmetrically in relation to the z 0 plane. Quite interestingly, the z < 0 area also maps the OPD retardation induced by the ridge structure. This can be understood as a consequence of the complex imaging process, remembering that for any z in the image plane, the wavefront has already traveled through the entire sample. Figure 3(b) demonstrates that it is safe to use the z < 0 OPD map as a signature of the refractive contribution imprinted on the wavefront by the sample.
We will now use this property to separate the refractive and Gouy OPD shift in the total OPD generated by the polystyrene bead. Figure 3(d) takes a closer look at Fig. 2(d) and displays the measured OPD in the full image space (i.e., for z > 0 and z < 0) resulting from the bead scattering. We now interpret the z < 0 OPD area as the signature of the OPD refractive contribution only, whereas the z > 0 OPD area is interpreted as being the result of both the refractive and the Gouy shift OPD contributions. A subtraction of the z > 0 OPD by the symmetrized z < 0 OPD directly leads to the residual OPD along the positive z axis. We relate this residual OPD to the Gouy phase shift. It should be stressed that no such residual OPD is found in the absence of a focusing element [such as the ridge structure presented in Fig. 3(b) ]. The experimental result of this subtraction is plotted in Fig. 3 (e) and retrieves quite nicely the expected λ ∕ 2 Gouy OPD shift together with its z evolution as compared to the well-known paraxial expression. For large z, the Gouy OPD dilutes into the overall wavefront OPD resulting from the overlapping scattered and nonscattered wavefront contributions.
We have shown that wavefront sensing provides an elegant way to retrieve the Gouy phase shift that is imprinted on a wavefront when focused by a dielectric microsphere. Although relying on interferences at the wavefront sensor image plane, the scheme does not require a reference arm and can be simply implemented on any optical setup including microscopes. It does not require either temporally or spatially coherent source, and a simple white-light illumination can be used [19] . Using a direct phase mapping in the sensor plane, we have shown that the total wavefront phase evolution along the z axis is a result of two contributions arising from (1) the bead refraction and (2) the Gouy phase shift. A simple procedure is proposed to retrieve the pure Gouy contribution. We believe that such a simple phase measurement scheme can be of potential interest for point spread function engineering, diffractive optics design, and characterization in micro and nanophotonics.
